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TITLE OF INVENTION 
ANGLE DETECTION APPARATUS AND ANGLE DETECTION SYSTEM 

CROSS REFERENCE TO RELATED APPLICATION 

[0001] The present application is related to and claims priority of the 

following co-pending applications, namely, PCT application number PCT/JP2003/03457 
entitled Angle Detection Apparatus and Angle Detection System, filed on March 20, 
2003: and Japanese patent application number 2002-81955 filed on March 22, 2002. The 
above-identified applications are incorporated herein by reference in their entirety. 

TECHNICAL FIELD OF THE INVENTION 

[0002] The present invention relates to an angle detection apparatus and an angle 
detection system. 

[0003] More specifically, the present invention relates to an angle detection 
apparatus that detects a relative angle with respect to a magnetic field on the basis of an 
output signal from a magnetic sensor unit, which detects magnetic components in at least 
two directions, and an angle detection system including this angle detection function. 

BACKGROUND-AR T OF THE INVENTION 

[0004] Conventionally, various angle detection apparatuses using magnetic sensors 
such as Hall elements have been known. It is widely knovm that, in these conventional 
angle detection apparatuses, an offset error included in a Hall element output is cancelled 
by adopting a constitution based on a so-called spiruiing current method. This spinning 
current method is described in, for example, Alberto Bilotti, Gerardo Monreal, and Ravi 
Vig, "MONOLITHIC MAGNETIC HALL SENSOR USING DYNAMIC 
QUADRATURE OFFSET CANCELLATION", published by Allegro MicroSystems, 
Inc., Technical Paper STP 97-10. 

[0005] In addition, as described in United States Patent No. 5,942,895, it is known 
tiiat accurate magnetic detection is performed by arranging Hall elements under a 
magnetic flux concentrator. 

[0006] However, when angle detection for a magnetic field is performed according 
to these conventional techniques, since it is necessary to, for example, apply predefined 
digital processing to each Hall output to finally perform arithmetic processing for 
obtaining angle information, enlargement of a circuit size and an increase in production 
cost are inevitable problems. 

[0007] In particular, when attempting to realize a very small angle detection 
apparatus by a semiconductor process or the like, simplification of a circuit configuration 
and reduction in size of an entire apparatus are problems that mtist be solved by any 
means. 
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[0008] Thus, in view of the above-described points, it is an object of the present 
invention to provide an angle detection apparatus and an angle detection system that 
allows for accurate angle detection, regardless of a simplified circuit configuration. 

DISCLOSURE SUMMARY OF THE INVENTION 

[0009] In order to attain the above-described object, the invention according to 
claim 1 is r elates to an angle detection apparatus that is inputted with output signals from 
first and second magnetic sensor units for detecting magnetic components in at least two 
directions, and detects a relative angle with respect to a magnetic field from the magnetic 
components, the angle detection apparatus comprising: control means for controlling an 
output signal in a first direction component detected by the first magnetic sensor unit so 
as to have a fixed value; and driving means for driving the second magnetic sensor unit 
to detect an output signal in a second direction component according to the same drive 
conditions as those at the time when the first magnetic sensor unit is controlled by the 
control means. 

[0010] The invention according to claim 2 is a further aspect relates to an angle 
detection apparatus that includes first and second magnetic sensor xmits for detecting 
magnetic components in at least two directions, and detects a relative angle with respect 
to a magnetic field from the magnetic components, the angle detection apparatus 
comprising: control means for controlling an output signal in a first direction component 
detected by the first magnetic sensor unit so as to have a fixed value; and driving means 
for driving the second magnetic sensor unit to detect an output signal in a second 
direction component according to the same drive conditions as those at the time when the 
first magnetic sensor unit is controlled by the control means. 

[0011] The invention according to a further aspect claim 3 is - relates to the angle 
detection apparatus according to claim 1 or 2 , wherein the first magnetic sensor unit and 
the second magnetic sensor unit include an opposed pair of magnetic sensors, 
respectively, and these pair of magnetic sensors are arranged on straight lines 
perpendicular to each other. 

[0012] The invention according to a further aspec t claim A is relates to the angle 
detection apparatus according to any one of claims 1 to 3 , wherein the first magnetic 
sensor unit and the second magnetic sensor imit are arranged near an end of a magnetic 
flux concentrator. 

[0013] The invention according to a further aspect claim 5 is relates to t he angle 
detection apparatu s according to any one of claims 1 to 4, wherein the control means 
includes a feedback control loop for controlling the output signal in the first direction 
component so as to have the fixed value. 

[0014] The invention according to a further aspect claim 6 is relates to the angle 
detection apparatu s according to claim 5 , wherein the control means includes feedback 
stop means for disconnecting the feedback control loop. 

[0015] The invention according to a further aspect claim 7 is relates to t he angle 
detection apparatus according to claim 5 or 6 , wherein the feedback control loop includes 
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an operational amplifier, one of the output signal in the first direction component and the 
output signal in the second direction component is inputted to an inverted input terminal 
of the operational amplifier via a resistor, and a reference input voltage is inputted to the 
inverted input terminal of the operational amplifier via a resistor. 

[0016] The invention according to a fiirther aspec t claim 8 is relates to t he angle 
detection apparatus according to claim 7 , where the decision weth e r whether the output 
signal firom the first direction component or the output signal from the second direction 
component, which is inputted to the inverted input terminal of the operational amplifier, 
is given by an additional unit, the designation unit. 

[0017] The invention according to a further aspec t claim 9 is relates to the angle 
detection apparatus according to claim 7 or 8 , wherein a PI regulator is connected 
between an output terminal and the inverted input terminal of the operational amplifier. 

[0018] The invention according to a fiirther aspec t claim 10 is relates to t he angle 
detection unit according to any ono of claims 6 to 9 , wherein the feedback stop means 
drives the first and the second magnetic sensor units at a predefined constant voltage. 

[0019] The invention according to a further aspect claim 1 1 is relates to the angle 
detection apparatus according to any on e of claims 7 to 10 , wherein the feedback stop 
means causes the operational amplifier to operate as a voltage follower. 

[0020] The invention according to a fiorther aspec t claim 12 is relates to the angle 
detection apparatu s according to any ono of claims 7 to 11 , wherein the first and the 
second magnetic sensor units are driven on the basis of a voltage obtained from the 
output terminal of the operational amplifier. 

[0021] The invention according to a further aspec t claim 13 is relates to the angle 
detection apparatus according to any ono of claims 1 to 12 , wherein the first and the 
second magnetic sensor units are driven in accordance with a spinning current method. 

[0022] The invention according to a fiirther aspect claim 1 4 is relates to the angle 
detection apparatu s according to any ono of claims 6 to 13 , further including an area 
judging means for, immediately after a power supply of the angle detection apparatus is 
inputted, performing judgment of an angle area on the basis of detection outputs from the 
first and the second magnetic sensors for detecting magnetic components in at least two 
directions, while retaining a state in which the function of the feedback control loop is 
stopped by the feedback stop means. 

[0023] The invention according to a fixrther aspec t claim 1 5 is relates to the angle 
detection apparatu s according to claim 1 4, wherein, in performing the judgment of an 
angle area, the area judging means uses absolute values and positive and negative signs 
of the output signals in the first and the second direction components obtained firom the 
first and the second magnetic sensor units. 

[0024] The invention according to a further aspect claim 16 is relates to the angle 
detection apparatus according to any one of claims 1 to 15 , further comprising: sign 
reversing means for reversing the signs of the output signals in the first and the second 
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direction components, which are detected on the basis of the outputs from the first and 
the second magnetic sensor units, respectively, according to the magnetic field and the 
relative angle; and component switching means for switching the output signal in the 
first direction component, which should be controlled so as to have the fixed value, to the 
output signal in the second direction component, the angle detection apparatus expanding 
a detectable range of angles. 

[0025] The invention according to a further aspec t claim 1 7 is relates to the angle 
detection apparatu s according to claim 16 , wherein, after switching the output signal in 
the first direction component to the output signal in the second direction component, the 
component switching means switches the output signal in the second direction 
component to the output signal in the first direction component again. 

[0026] The invention according to a further aspec t claim 1 8 is relates to the angle 
detection apparatu s according to any on e of claims 1 to 17 , further comprising: counting 
means for performing a counting operation for a predetermined clock in response to the 
output signal in the first direction component detected by the first magnetic sensor unit 
or the output signal in the second direction component detected by the second magnetic 
sensor unit; first transforming means for transforming a coimted value of the counting 
means into a predetermined transformation value; a counting stop means for comparing a 
value of the output signal in the first or the second direction component with the 
transformation value and stopping the counting operation by the counting means when 
the transformation value has reached the value of the output signal in the first or the 
second direction component; and second transforming means for transforming the 
counted value into angle information, 

[0027] The invention according to a further aspec t claim 19 is relates to the angle 
detection apparatus according to claim 18 , wherein the counted value corresponds to a 
detection angle 0 and the transformation value corresponds to tan 9. 

[0028] The invention according to a further aspect claim 20 is relates to the angle 
detection apparatu s according to claim 1 8 or 19 , wherein the first transforming means 
has a logic circuit for transforming the detection angle 0 into tan 0. 

[0029] The invention according to a further aspec t claim 21 is relates to the angle 
detection apparatu s according to any one of claims 1 8 to 20 , wherein the counting stop 
means is a comparator that has a first input terminal, to which a tangent value detected 
on the basis of an output from the first magnetic sensor or the second magnetic sensor is 
inputted, and a second input terminal, to which a tangent value corresponding to an 
output from the first transforming means is inputted. 

[0030] The invention according to a further aspec t claim 22 is relates to the angle 
detection apparatus according to any one of claims 1 8 to 21 , wherein an output terminal 
of the first transforming means and an input terminal of the counting stop means are 
connected via a D/A converter. 

[0031] The invention according to a further aspec t claim 23 is relates to the angle 
detection apparatus according to claim 22 , wherein the angle detection apparatus uses, as 
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a reference voltage for the D/A converter, an output signal in a direction component, 
which is controlled so as to have the fixed value, of the first and the second output 
signals that are detected on the basis of outputs from the first and the second magnetic 
sensor units. 

[0032] The invention according to a further aspec t claim 2^ is relates to the angle 
detection apparatus a further aspec t according to any ono of claims 1 8 to 23 . wherein the 
second transforming means performs predetermined interpolation processing for 
obtaining the angle information. 

[0033] The invention according to a further aspec t claim 25 is relates to t he angle 
detection apparatu s according to any on e of claims 1 8 to 2 4, further comprising: 

offset correcting means that is inputted with the output signals of the first and the 
second direction components, which are detected on the basis of the output from the first 
magnetic sensor unit or the second magnetic sensor unit, and applies addition processing 
for an offset angle value to the angle information outputted from the second transforming 
means. 

[0034] The invention according to a further aspec t claim 26 is relates to the angle 
detection apparatu s a further aspec t according to any on e of claims 1 to 25 . further 
comprising judging means for dividing a signal depending upon an angle into plural 
angle areas, which change linearly with respect to the angle, the angle detection 
apparatus performing extraction of an angle according to adjustment of an inclination of 
an approximate straight line and linear transformation by offset addition. 

[0035] The invention according to a further aspect claim 27 -4 s relates to the angle 
detection apparatu s according to any one of claims 1 to 26 , wherein the first and the 
second magnetic sensor units have Hall elements. 

[0036] The invention according to a further aspec t claim 28 is relates to the angle 
detection apparatu s according to claim 22 , wherein the Hall elements are arranged near 
an end of a magnetic flux concentrator. 

[0037] The invention according to a further aspec t claim 29 i s relates to an angle 
detection system wherein a semiconductor device with the angle detection apparatus 
according to any one of claims 1 to 2 8 t he invention formed on a semiconductor substrate 
is set near a rotating permanent magnet to detect a rotation angle of the permanent 
magnet. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0038] FIG. 1 is a circuit diagram showing a main part of an angle detection 

apparatus to which the present invention is applied; 

[0039] FIG. 2 is an explanatory diagram showing a positional relation between a 

magnetic flux concentrator and Hall elements used in an embodiment; 
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[0040] FIG. 3 is a waveform chart for explaining an operation of an XY 

switching unit 2 shown in FIG. 1 ; 

[0041] FIG. 4A is an explanatory diagram showing an operation of a 

modulation/drive unit 4 shown in FIG. 1; 

[0042] FIG. 4B is an explanatory diagram showing an operation of the 

modulation/drive unit 4 shown in FIG. 1 ; 

[0043] FIG. 5 is an explanatory diagram schematically illustrating how to drive 

Hall elements for obtaining an X detected signal and Hall elements for 
obtaining a Y detected signal via the modulation/drive unit 4 shown in 
FIG. 1; 

[0044] FIG. 6 is a diagram schematically showing an offset voltage superimposed 

on a detected signal of a Hall element; 

[0045] FIG. 7 is an explanatory diagram showing a sample/hold signal after P-to- 

P (peak-to-peak) detection; 

[0046] FIG. 8 is an explanatory diagram showing a tan 0 detection principle in 

the case in which eight Hall elements are used; 

[0047] FIG. 9 is a diagram illustrating range expansion processing for a detection 

angle in this embodiment using Hall elements; 

[0048] FIG. 10 is a diagram showing a switch SW when feedback control 

cancellation is performed in the case in which angle area detection is 
performed after power-on; 

[0049] FIG. 1 1 is a block diagram showing an example of an angle calculation 

processing circuit included in a post processing circuit 14 shown in FIG. 

1; 

[0050] FIG. 12 is a diagram showing an output curve of tangent in an angle range 

of0to45^ 

[0051] FIG. 13A is an explanatory diagram of a linear transformation processing 

in this embodiment; 

[0052] FIG. 13B is an explanatory diagram of the linear transformation 

processing in this embodiment; 

[0053] FIG. 14 is an explanatory diagram shoving a state in the case in which a 

voltage, which should be regulated, does not become a constant voltage 
due to delay in feedback control; 
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[0054] FIG. 1 5 A is a circuit diagram showing another embodiment for avoiding 

the state in which a voltage, which should be regulated, does not become a 
constant voltage; 

[0055] FIG. 15B is a circuit diagram showing another embodiment for avoiding 

the state in which a voltage, which should be regulated, does not become a 
constant voltage; 

[0056] FIG. 16A is a perspective view showing an example of a core in an angle 

detection unit to which the present invention is applied; and 

[0057] FIG. 16B is a sectional view showing the example of the core in the angle 

detection unit to which the present invention is applied. 

BEST MODE FOR Ci\RRYI>JG OUT THE IhJVENTION D ESCRIPTION OF THE 

PREFERRED EMBODIMENTS 

f0058] FIG. 1 is a circuit diagram showing a main part of an angle detection 
apparatus to which the present invention is applied. In the figure, reference sign HE 
denotes Hall elements, which are used as magnetic sensors. At least two pairs of Hall 
elements are necessary in order to detect an X direction component and a Y direction 
component of a magnetic field. In this embodiment, four Hall elements are provided in 
order to detect the X direction component and four Hall elements are provided in order to 
detect the Y direction component. 

[0059] As shown in FIG. 2, these Hall elements HE are arranged below a peripheral 
edge of a circular magnetic flux concentrator MC. Note that, as also described in United 
States Patent No. 5,942,895, a magnetic field near the Hall elements is converged, 
whereby a magnetic flux density of magneto-sensitive surfaces of the Hall elements can 
be increased. 

[0060] "Control means" in accordance with the present invention is equivalent to an 
operational amplifier 22, a PI regulator 24, two resistors Rl, and a reference voltage Vref 
that are shovm in FIG. 1 (these components will be described in detail later). In addition, 
"driving means" of the present invention is equivalent to a modulation/drive unit 4 and 
the operational amplifier 22 that are shovm in FIG. 1 (this modulation/drive unit 4 will 
also be described in detail later). 

[0061] Referring back to FIG. 1, output switching processing for the Hall elements 
will be explained. 

[0062] Detected signals, which are detected from the eight Hall elements HE, 
respectively, are sequentially selected in a time division manner in an XY switching unit 
2. In other words, in this XY switching unit 2, output signals firom the respective pairs of 
Hall elements are sampled while being switched alternately. In general, it is sufficient to 
provide amplifiers and demodulation circuits (P-to-P detection imits) for a detected 
signal X and a detected signal Y, respectively. However, this results in an increase in 
chip area. Thus, this embodiment adopts a constitution in which the detected signals X 
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and Y are sampled alternately, and an amplifier and a demodulation circuit (P-to-P 
detection unit) common to these detected signals X and Y are used. 

[0063] More specifically, Hall elements for obtaining the detected signal X and 
Hall elements for obtaining the detected signal Y are switched alternately and driven. 
Thus, as shown in FIG. 3, the XY switching unit 2 uses a clock for a first phase and a 
clock for a second phase to perform selection of Hall elements. For example, the XY 
switching unit 2 is constituted by a switched capacitor circuit and uses the clock for a 
first phase and the clock for a second phase as sampling clocks for the switched capacitor 
circuit. These clocks of two phases are used in order to cancel offset DC components 
superimposed on detected signals of Hall elements. Details of this will be explained in 
relation to the modulation/drive unit 4 in the next stage. 

[0064] The modulation/drive unit 4 performs bias direction switching processing 
for obtaining the detected signal X and the detected signal Y and processing for 
switching an extracting direction of a signal (Hall voltage). This processing is a method 
that is generally known as a so-called chopper method or spinning current method. FIGS. 
4A and 4B illustrate a mode of driving a Hall element in two phases using this spirming 
current method. As shown in FIGS. 4A and 4B, the spinning current method switches a 
bias direction of the Hall element HE to thereby cancel an offset component included in 
an output signal of the Hall element. 

[0065] It should be noted here that, in the first phase and the second phase shown in 
FIG. 3, a polarity of a signal to be inputted to a four-input addition type amplifier 6 
(DDA: Differential Difference Amplifier) in a subsequent stage is reversed. According to 
this sign-reversing processing, a detected signal of the Hall element HE viewed fi-om the 
DDA 6 side changes to a rectangular wave that altemates like AC. In other words, a Hall 
voltage inputted as a DC component is modulated (i.e., transformed) into an AC signal 
by this sign-reversing processing. This signal processing is performed completely in the 
same manner for both the detected signal X and the detected signal Y. 

[0066] FIG. 5 is an explanatory diagram schematically illustrating how to drive 
Hall elements for obtaining an X detected signal and Hall elements for obtaining a Y 
detected signal via the modulation/drive unit 4. As is clearly seen firom this figure, since 
a reference voltage Vref and an X component (or a Y component) are applied to an 
addition input point (inverted input terminal) of an operational amplifier (hereinafter 
called "an OP amplifier"), the operational amplifier operates such that Vref+X (or Vref+Y) 
is equal to a potential of a virtual ground point (non-inverted input terminal) (analog 
ground). In addition, as it is evident firom FIG. 1, since this X component (or Y 
component) is a fed back voltage, the X component (or Y component) is subjected to 
feedback control so as to be a fixed value. Moreover, in this embodiment, a Hall element 
drive voltage for obtaining one of the components (X component or Y component) 
subjected to feedback control is applied to the Hall elements for obtaining the other 
component (Y component or X component) not subjected to feedback control (Hall 
elements for Y component detection or Hall elements for X component detection). This 
point is extremely important for this embodiment. A significance of this point will be 
described in detail later. 
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[0067] Referring back to FIG. 1 again, the DDA (Differential Difference Amplifier) 
6 will be explained. This DDA 6 functions to add and amplify inputted voltages. In this 
embodiment, as described already (see FIG. 2), since there are four Hall elements for an 
X component and a Y component, respectively, detected outputs of those four Hall 
elements are added and amplified at a predefined amplification factor. Therefore, a 
signal outputted from the DDA 6 is a signal obtained by amplifying a waveform at the 
input end time of the second phase shovra in the lower part of FIG. 4B at a set 
amplification factor X 4. In this case, an offset voltage component superimposed on a 
detected signal of each Hall element has the same value for both phases (i.e., the first 
phase and the second phase). FIG. 6 schematically shows this offset voltage, which is 
indicated by an alternate long and short dash line in the figxire. 

[0068] The P-to-P (peak-to-peak) detection unit 8 is a circuit that detects a peak 
value of the first phase signal and a peak value of the second phase signal and calculates 
a value between those peak values. In other words, the P-to-P detection unit 8 performs 
subtraction to calculate a difference between a peak value of a signal in the first phase 
and a peak value of a signal in the second phase to thereby demodulate a sensor detection 
signal (i.e., an output signal of the modulation/drive unit 4) modulated (transformed) into 
an AC signal. More specifically, the signal of the first phase is held in a capacitor (not 
shown) of the P-to-P detection imit 8 and is subjected to the subtraction simultaneously 
with input of the signal of the second phase. What is important here is that, by executing 
subtraction processing, offset components having the same value can be cancelled. In 
addition, by performing subtraction, an amplitude component is amplified by two times. 

[0069] A signal outputted from the P-to-P detection unit 8 is taken into sample and 
hold (S/H) units 10 and 12 and held therein. Here, the S/H unit 10 holds a demodulated 
X component and the S/H unit 12 holds a demodulated Y component. As shown in FIG. 
7, since a signal subjected to sample and hold takes a stepped shape, by subjecting the 
signal to smoothing processing using a filter (not shown) included in a post-processing 
circuit 14, a gentle waveform indicated by a broken line is obtained. Note that, since the 
P-to-P detection unit 8 is capable of outputting both a non-inverted signal and an 
inverted signal, it is possible to switch a sign of a signal to be taken into the S/H units 10 
and 12 according to a sign bit. 

[0070] The X component and the Y component outputted from the P-to-P detection 
unit 8 in a time series manner are inputted to another S/H unit 16. This S/H unit 16 holds 
only one of the X component and the Y component according to a control output from a 
held component designation circuit 18. In other words, a held component designation 
signal is inputted to an X and Y designation input unit 20 from the outside, whereby the 
held component designation circuit 18 supplies a control output for holding one of the X 
component and the Y component. 

[0071] As explained with reference to FIG. 5 earlier, the X component (or Y 
component) outputted from the S/H unit 16 is applied to the addition input point 
(inversed input terminal) of the operational amplifier 22 via the resistor Rl . As a result, 
the X component (or Y component) is controlled so as to be a fixed value by the function 
of the feedback control loop. Note that this operational amplifier 22 includes a feedback 
circuit (PI regulator: Proportional Integral regulator) consisting of a series connection of 



10 



a resistor R2 and a capacitor C. This is because feedback control in the feedback control 
loop is performed in a discrete system that is synchronous with a sample pulse, so that an 
integration function is imparted to the operational amplifier 22 in order to avoid 
inconvenience of origination or the like. 

[0072] An angle detection principle according to this embodiment will be outlined 
conceming the case in which the Hall elements in the X direction are driven such that the 
X component is fixed. 

[0073] In general, a voltage Vx, which is outputted from the Hall elements for 
detecting the X component, and a voltage Vy, which is outputted from the Hall elements 
for detecting the Y component, are represented by Vx=k lx-B cos 0 and Vy=k Iy B sin 9, 
respectively. Here, k is a constant of proportionality, Ix and ly are current values, B is a 
magnetic flux density, and 9 is an angle defined by a magnetic field and a Hall element. 

[0074] Taking into accoimt the fact that the same drive voltage is supplied to the 
Hall elements HE(Y) for detecting the Y component and all the Hall elements are fine 
elements formed on an identical silicon substrate as explained in FIG. 5, it is possible to 
make Ix and ly equal. 

[0075] Therefore, fi-om the above-described two expressions, that is, Vx=k-Ix-B cos 
9 and Vy=k-IyB sin 9, the following expression is obtained. 

VyA^x =(k IyB sm 9)/(k Ix B cos 9) 

= sin 9/cos 9 

= tan9 

This analog division (Vy/Vx) only has to be executed in the post-processing circuit 14. 

[0076] However, according to this embodiment, it becomes possible to directly 
calculate tan 9 from the X component held in the S/H imit 10 or the Y component held in 
the S/H unit 12, without performing the calculation of applying individual arithmetic 
processing as described above to calculate sin 9 and cos 9 and calculating tan 9 on the 
basis of these sin 9 and cos 9. 

[0077] FIG. 8 is a diagram indicating that the above-described tan 9 detection 
principle can also be applied in the case in which eight Hall elements (see FIG. 2) are 
used. FIG. 8 shows the case in which four Hall elements are used for the X component 
and four Hall elements are used for the Y component (total eight Hall elements), for 
example, in order to improve sensitivity. In the figure, strictly speaking, the Hall 
elements are not arranged on the X (or Y) axis but are arranged in positions slightly 
deviating from the X (or Y) axis. A straight line drawn from the center to the center of 
the Hall element is arranged with a very fine angle d with respect to the axis. For 
example, as to the Hall elements for the X component, when the elements are arranged at 
an angle of ±d symmetrically with respect to the X axis, the respective element outputs a 
signal proportional to cos (9+d) and cos (9-d). If these four signal components are added 
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using the DDA 6, a total of Hall element outputs for the X component is calculated as 
follows: 

KIB-[cos (e+d)+cos (e-d)] 

If this output is regulated so as to be a constant voltage Vref using a regulator, the 
following expression is obtained: 

Vref=KIB-[cos (0+d)+cos (B-d)] 

=2KIB cos e cos d 

2KIB=Vref/(cos e cos d) 

[0078] On the other hand, as to a Hall element output for the Y component, similarly, 
the four signal components are added using the DDA 6, the following expression is 
obtained: 

KIB'[sin(e+d)+sin(e-d)] 

=2KIB sin 6 cos d 

=VREF(sin 9 cos d)/(cos 6 cos d) 

=VREF tan 9 

[00791 The very fine angle component d is cancelled if, while keeping a sum of the 
respective Hall element outputs substantially constant, outputs of the other Hall elements 
are considered. Hence, the outputs are not affected. 

[0080] Note that, in this embodiment, the PI regulator 24 is given as an example. 
However, a regulator is not limited to the PI regulator and other regulators (e.g., a PID 
regulator) may be used. 

[0081] FIG. 9 is a diagram illustrating a range expansion processing for a detection 
angle by a Hall element. That is, FIG. 9 shows a method of expanding a detection angle 
range to 360°. By switching a signal, which should be regulated to a constant voltage, 
from an X component signal to a Y component signal or fi-om a Y component signal to 
an X component signal, it is possible to switch an output thereof fi-om tan 9 to cot 9 or 
vise versa. As it is well knovm, since tan 0 increases as the angle approaches 90°, 
saturation occurs in an output of an amplifier circuit system. Thus, in order to detect an 
angle close to 90° while avoiding this problem, it is convenient to use cot 9 that is an 
inverse of tan 9. 

[0082] Next, the angle detection range expansion method shown in FIG. 9 will be 
explained in a time series maimer. 
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[0083] First, in an angle range of 0 to 45*", tan G is used as an output for angle 
detection. When the detection angle increases to reach 6=45'', the output for angle 
detection is switched from tan 9 to cot 0. More specifically, a signal to be regulated is 
switched from an X component to a Y component. Thereafter, when the angle increases 
to reach 135°, the output for angle detection is switched from cot 0 to tan 0 again. 

[0084] However, a point that should be noted is handling of a sign. When the X 
component is switched from cot 0 to a signal, which should be regulated, without 
changing a sign, this results in an unstable state because the component changes 
significantly from -Vref to +Vref. In addition, a long time is required until the state is 
stabilized (i.e., a settling time over a long period is required). In order to avoid such a 
problem, in this embodiment, a sign of the signal, which should be regulated, is 
switched. Consequently, stable angle detection can be performed while an unstable 
transitional state is minimized. The S£mie sign switching processing is performed at a 
point of 31 5"*. 

[0085] As described above, in this embodiment, tan and cot signs are sv^tched 
while a certain judgment condition is used, whereby the angle detection range is 
expanded. Concerning the tan and cot switching, for example, a magnitude relation of 
absolute values thereof is judged. In addition, judgment of magnitude relationship of the 
absolute values and an absolute value of a reference voltage (analog groimd AGND) can 
be used for switching of the signs. 

[0086] FIG. 10 is a diagram showing a switch SW for performing feedback control 
cancellation in the case in which angle area judgment is performed after power-on. A 
circuit shown in the figure is a circuit for obtaining positional information of the angle 
after power-on. The circuit configuration (FIGS. 1 to 9), which has been explained, is 
characterized by holding one output component at a fixed value using the PI regulator 24 
and expanding an angle range while an angle area is judged. However, the circuit 
configuration has an inconvenience that the angle area cannot be judged. Thus, the 
circuit of FIG. 10 compensates for this inconvenience. 

[0087] In FIG. 1 0, this circuit and a control circuit therefor are designed such that 
the switch SW is in a closed state for a certain fixed period after power-on. In this case, 
the PI regulator 24 serves as a voltage follower that changes the simple AGND (analog 
ground) to an output voltage. Therefore, Hall elements are driven at the analog ground 
voltage AGND, and outputs corresponding to sin and cos are obtained with respect to an 
angle. In this state, the same angle area judgment (absolute value comparison, sign 
judgment) is performed, a position after power-on is judged, and a sign and a mode (tan, 
cot) based upon the positional information are determined and loaded to a binary storage 
such as a flip-flop. Thereafter, the switch SW is opened, and the circuit shifts to a normal 
PI regulator mode while using this positional information. 

[0088] FIG. 1 1 is a block diagram showing an example of an angle calculation 
processing circuit included in the post-processing circuit 14 (see FIG. 1). That is, FIG. 1 1 
is a circuit for obtaining a voltage output corresponding to an angle of a magnetic field 
from the X component and the Y component obtained by the circuit of FIG. 1. More 
specifically, since an angle detection result obtained by the circuit shown in FIG. 1 
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represents tan 0 (or cot 0), the circuit of FIG. 1 1 performs calculation for substantially 
obtaining an arc teingent. 

[0089] The operation of the circuit shown in FIG. 11 is as described below. 

[0090] A tan component signal obtained from the circuit shown in FIG. 1 is 
sampled and held by the S/H (sample/hold) unit 50 to become an input signal for a 
comparison circuit 52. An AND gate 54 following the comparison circuit 52 outputs a 
value of a clock CLK without change when an output signal of the comparison circuit 52 
is HIGH (VDD: supply voltage) and outputs "0" when the output signal is LOW (GND). 
Therefore, when the output signal of the comparison circuit 52 is LOW, a counting clock 
CLK of a counter 56 changes to "0", and the counter 56 stops counting. An analog 
voltage, which is obtained by inputting a counting output value of the counter 56 to a 
tangent logic 58 and further passing the counting output value through a D/A converter 
60, is inputted to the other input terminal of the comparison circuit 52. The tangent logic 
58 functions as a circuit in which a digital output of the counter 56 is inputted to generate 
a digital value corresponding to tan 0. This is performed by a logic circuit, not 
specifically limited thereto, but may be performed in a table reference method using a 
nonvolatile memory (EEPROM, FRAM, MRAM). 

[0091] Feedback of the counter 56, the tangent logic 58, and the D/A converter 60 
is repeated until a magnitude relation of both the inputs of the comparison circuit 52 is 
reversed. When the magnitudes of both the inputs coincide with each other or are 
reversed, the clock input CLK to the counter 56 is stopped, and the counter 56 stops 
coimting. That is, a digital output value of the counter 56 represents the angle 0 and an 
output from the D/A converter 60 represents tan 0. The digital output value of the 
counter 56, at the time when the digital output value coincides with or is closest to a tan 
value supplied from the circuit of FIG. 1 and held in the S/H circuit 50, represents the 
angle 0 itself. Thus, this digital output value is loaded to a shift register 62 and 
transformed into an analog value in a D/A converter 64, whereby an analog voltage 
corresponding to the angle 0 can be obtained. 

[0092] In addition, as another embodiment, a digital output value may be outputted 
by a serial interface without using the D/A converter 64. Examples of the serial interface 
include an SPI, a micro-wire, and an I2C bus, 

[0093] However, angle information to be obtained is insufficient only with this 
transformation due to a characteristic of angle judgment shovra in FIG. 9. For example, 
this is because the same analog output voltage is obtained at 22.5° and 157.5°. In order to 
avoid this problem, it is necessary to add an offset voltage according to an angle area. 
More specifically, if offset voltages are added by changing the offset voltages for each 
quadrant, for example, such that an offset voltage is OV in a first quadrant and 2.5V in a 
third quadrant, complete angle judgment becomes possible. Judgment of a quadrant can 
be determined imiquely by, for example, dividing an angle area of 0 to 360"* into eight 
areas for every 45** and judging a sign of X, an exclusive OR of signs of X and Y 
(judgment of coincidence and non-coincidence), and a magnitude of an absolute value 
(tan or cot) in each area. 
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[0094] If an offset voltage outputted from an offset designation unit 66 is added to 
an analog voltage corresponding to the angle 9 outputted from the D/A converter 64 as 
shown in FIG. 1 1 , a complete angle output is obtained. The offset designation imit 66 is 
constituted by, for example, a D/A converter. In addition, if the number of bits of the 
D/A converter 64 is expanded and a digital output from an angle area judgment unit 72 is 
inputted and added to the D/A converter 64, a complete angle output is obtained as an 
output of the D/A converter 64, dispensing the need to provide the offset designation unit 
66 and an adder 68. 

[0095] FIG. 12 shows an output curve of the tangent in an angle range of 0"* to 45"*. 
It was found that, if this tangent curve is divided into three areas as shown in FIG. 12 and 
approximated linearly, extremely accurate approximation can be performed. The tangent 
curve approximated linearly is described by three linear equations. In this case, 
transformation from FIG. 13A to FIG. 13B can be realized by linear transformation from 
a straight line to a straight line rather than nonlinear fimctional transformation like an arc 
tangent, 

[0096] For example, in a tangent approximate straight line, when it is assumed that 
an equation of a straight line in Area 2 is tangent=A-0+B and an equation of an angle 
voltage straight line is C-9+D, if an inclination A of a tangent output and a section 
(offset) B are adjusted in an analog manner to match C and D, this is equivalent to 
performing an arc tangent transformation. 

[0097] More specifically, the transformation of an inclination from A to C is 
feasible by making an amplification factor of a negative feedback amplification circuit 
variable. This is also feasible by a programmable amplification circuit using a 
nonvolatile memory and is also possible by trimming with an extemally attached resistor. 
In addition, a variable potentiometer using a resistance ladder can be used for the 
adjustment of a section from B to D. 

[0098] In addition, for the judgment of an area in the linear approximation of 
tangent, it is effective to use a generation circuit for generating a reference voltage 
together with the comparison circuit. More specifically, in FIG. 13 A, a circuit for 
generating reference voltages VI and V2 is provided, and these reference voltages and a 
tangent output are compared. For example, by using two comparison circuits, codes as 
described below can be generated. 

Tangent output ^ VI Code (0:0) 

(Output of the comparison circuit 1 : Output of the comparison circuit 2) 

VI ^ Tangent output ^ V2 Code (0:1) 

Tangent output ^ V2 Code (1:1) 

An area can be defined uniquely by the above-described codes. 
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[0099] It is possible to use the method described in FIG. 9 for expansion of an angle 
area. In an area of cotangent, an area of 45"* is divided into tree areas in the same maimer 
to perform linear transformation. In this case, since an inclination of a straight line is 
negative, an inversing amplification circuit is used to inverse the inclination of the 
straight line. The adjustment of a section can be realized by a variable potentiometer. If 
an offset voltage equivalent to an angle area is added to this straight line, it is 
theoretically possible to expand an angle range to 360°. Hov^ever, from the viewpoint of 
reduction of a circuit size and simplification of a correction algorithm, this method is 
more preferable for an application with a small angle range (e.g., 0° to 90°). 

[0100] FIG. 14 is an explanatory diagram showing a state in which a voltage, which 
should be regulated, does not become a constant voltage due to delay in feedback 
control. That is, in the case in which a voltage, which should be regulated, does not reach 
a fixed level (a feedback speed is not high enough), it is possible that a gain of tangent 
changes by an amount of the voltage fluctuation. Thus, in order to solve inconvenience 
due to such a state, other embodiments will be explained with reference to FIGS. 15A 
and 15B. 

[0101] FIGS. 15A and 15B are circuit diagrams showing other embodiments for 
avoiding the state in which a voltage, which should be regulated, does not become a 
constant voltage. These circuits shown in both the diagrams illustrate the circuit of FIG. 
11, which was explained earlier, more specifically and improvements are made as 
described below. 

[0102] In FIG. 15A, absolute value signals of |X| or |Y| signals are inputted firom an 
analog fi-ont end. A switching unit 1 functions to switch a signal to be inputted to a 
sample and hold circuit 80 to |X| or |Y|. An output of the sample and hold circuit 80 is 
inputted to one input terminal of a comparator 82. An output signal of the comparator 82 
is inputted to an AND circuit 84 of a two-input type. The other input signal of the . AND 
circuit 84 is a clock, which functions to output a clock signal until the output signal of 
the comparator 82 is switched to a LOW level, 

[0103] An eight-bit counter 86 counts clocks outputted from the AND circuit 84. 
An output of the eight-bit counter 86 (eight-bit digital signal) is inputted to a logic circuit 
88. The logic circuit 88 is a logic circuit that is inputted with output data of the eight-bit 
counter 86 and generates a digital output obtained by weighting the input with a tan 
function. In other words, when a counter output is assumed to be 0, an output from the 
logic circuit 88 is tan 0. 

[0104] This digital data tan 0 is inputted to a D/A converter 90 of a resistance 
ladder type and fed back to the other input terminal of the comparator 82. The 
comparator 82 compares an absolute value of |X| or |Y| to be inputted to the sample and 
hold circuit 80 (tangent or cotangent) with tan 0 that is fed back and returned, and when 
a magnitude relation thereof is reversed, switches a comparator output firom HIGH to 
LOW and stops clock coimting of the eight-bit counter 86. 

[0105] In other words, the comparator 82 stops the counting clock of the eight-bit 
counter 86 with a voltage value closest to the |X| or | Y| signal inputted to the sample and 



hold circuit 80. Therefore, a digital value before weighting the input with tangent in the 
logic circuit 88, that is, a digital value itself of the angle 9 becomes an output of the 
eight-bit counter 86. A digital value representing this angle 0 is transferred to a latch 
circuit 92 with an appropriate data load signal and inputted to a D/A converter 94 in a 
subsequent stage thereof (see FIG. 15B). 

[0106] In addition, the switching unit 2 functions to switch a reference voltage of 
the D/A converter 90 to the |X| or |Y| signal. Switching according to a switching control 
signal of the switching unit 1 and the switching unit 2 is performed as described below. 

[0107] That is, in the analog front end, one of |X| and | Y| is regulated to a constant 
voltage, and tangent or cotangent is obtained from the other. A signal is selected such 
that a tangent or cotangent signal is inputted to the sample and hold circuit 80 and the 
regulated voltage is inputted to the reference voltage of the D/A converter 90. For 
example, when |X| is regulated, tan 6 is obtained from | Y|. In this case, |Y| is inputted to 
the sample and hold circuit 80, and |X| is inputted as the D/A converter reference voltage. 

[0108] Next, an effect in the case in which a regulated signal is used as the 
reference voltage of the D/A converter 90 in this way will be explained. In the analog 
front end, the PI regulator is used to control a feedback loop of a discrete system as 
already explained in FIG. 1 . In the case in which a magnetic field rotates at a high speed, 
an influence of delay due to an integrated time of the PI regulator appears conspicuously. 
More specifically, as shown in FIG. 14, a phenomenon occurs in which a signal, which 
should originally be regulated to a fixed value, cannot be held at a fixed level and a 
voltage falls. A magnitude of this voltage drop depends upon a rotation speed, and highly 
accurate angle detection is impossible in this state. This point will be hereinafter 
explained more in detail using formulas. 

[0109] Now, in the case in which a voltage, which should be regulated, is not kept 
constant but changes as time elapses, a reference voltage therefor is assumed to be 
VREF(t). In this case, in the case in which an |X| signal is regulated, the following 
relational expressions are established. 

VREF(t)=K I B cos e 

|Y|=K-I-B-sin 9 

From these relations, 

|Y|=VREF(t)-tan e is obtained. 

[0110] That is, tan 9 obtained from |Y| has a gain factor that changes as time 
elapses. When this value is directly subjected to angle transformation, an angle error, 
which changes as time elapses, is caused. In order to avoid this problem, in this 
embodiment, VREF(t) is used as the reference voltage of the D/A converter 90. With such 
a constitution, the analog signal tan 9, which is fed back from the D/A converter 90 and 
inputted to the comparator 82, has weight of VREF(t). An influence by VREF(t) is not 
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exerted on a point where a magnitude relation of the comparator 82 is reversed, that is, a 
digital value corresponding to an angle. 

[0111] Note that, as described above, although an absolute value signal of |X| or |Y| 
is inputted from the analog front end, it is also possible to input a signal of X or Y, which 
is not an absolute value, without change. 

[0112] In this manner, by using a voltage with its level fluctuated by high-speed 
rotation as the reference voltage of the D/A converter 90, since a gain factor is cancelled 
automatically, so that highly accurate angle detection becomes possible even at the time 
when a magnetic field rotates at a high speed. 

[0113] FIGS. 16 A and 16B show an example of a core in an angle detection unit to 
which the present invention is applied. In the figure, a disk (magnetic flux concentrator) 
consisting of a circular magnetic material is adhered on Hall elements that are formed on 
a Si substrate together with a signal processing circuit. Here, FIG. 16A shows a state of 
this core and FIG. 1 6A also shows a preferred shape of a magnet of this core. In addition, 
FIG. 16B schematically shows a distribution of magnetic lines of force at that point. 
Magnetic lines of force in a lateral direction inputted from the right are converged by the 
magnetic flux concentrator and amplified, and at the same time, transformed into a 
magnetic field in a vertical direction. A direction of this magnetic field is opposite 
between a Hall element on the S side and a Hall element on the N side. When an input 
signal is supplied to a DDA, attention should be paid so that a polarity is reversed. In one 
example, it is possible to obtain an amplification factor about twice as large with a 
magnetic flux concentrator of 200 micron <j). 

[0114] As explained above, according to the present invention, an angle detection 
apparatus and a semiconductor device, which permit to make accurate angle detection, 
regardless of a simple circuit configuration, can be realized. In particular, even in the 
case in which a magnetic field rotates at a high speed, accurate angle detection, which 
cannot be expected in a conventional apparatus, can be performed. Moreover, with 
respect to fluctuation in a magnetic field involved in an increase of an ambient 
temperature, according to the present invention, an angle detection apparatus and a 
semiconductor device, which permit to make accurate angle detection, can be realized. 

What is claimed is: 



